We have investigated the nanoscale switching properties of strain-engineered BiFeO 3 thin films deposited on LaAlO 3 substrates using a combination of scanning probe techniques. Polarized Raman spectral analysis indicate that the nearly-tetragonal films have monoclinic (Cc) rather than P4mm tetragonal symmetry. Through local switching-spectroscopy measurements and piezoresponse force microscopy we provide clear evidence of ferroelectric switching of the tetragonal phase but the polarization direction, and therefore its switching, deviates strongly from the expected (001) tetragonal axis. We also demonstrate a large and reversible, electrically-driven structural phase transition from the tetragonal to the rhombohedral polymorph in this material which is promising for a plethora of applications.
Since the 2003 report of high polarization in BiFeO 3 (BFO) thin films, research activity in multiferroic materials have generated interest across many scientific disciplines 1, 2 . As a single phase material, BFO has shown a wealth of properties, which includes simultaneous ferroelectric and magnetic order, and photo-voltaic effect 3 . Additional functionalities are expected when used in hetero-structures exploiting the magneto-electric (ME) coupling, or as a barrier material in a tunnel junction configuration with or without magnetic electrodes [4] [5] [6] [7] [8] [9] [10] [11] .
From a purely materials point-of-view BFO possess significant challenges. In its bulk form BFO assumes a low-symmetry rhombohedral (R3c symmetry) structure with polarization along the (111) direction, implying that the (001) films have both an in-plane and out-of-plane polarization components and a total of eight possible domains are possible in the film 12 .
As a consequence, switching is often incomplete, as evidenced through incomplete hysteresis loops. To reduce the number of possible switching variants one route has been through the use of high-miscut vicinal substrates [13] [14] [15] . This has also been seen to reduce the coercive field, a critical parameter when it comes to device engineering 15 .
But more promising avenues of BFO domain engineering has opened up very recently after a few groups reported successful fabrication of the tetragonal (or nearly tetragonal to be precise) variant of BFO [16] [17] [18] . The remarkable structural characteristic of this phase is its extremely large c/a ratio of around 1.25 achieved through the substrate strain effect (or strain engineering) on LaAlO 3 (LAO) and YAlO 3 (YAO) substrates 16, 17 . The high in-plane compressive strain (BFO has a lattice mismatch of -4.5% and -6.8% on LAO and YAO substrates, respectively) results in a large expansion of the out-of-plane lattice parameter, much higher than expected based on normal elastic energy considerations of rhombohedral bulk BFO. Therefore, this nearly tetragonal polymorph has been speculated to be a distinctly different phase and not a strained variant of the rhombohedral phase 17 . Epitaxial stabilization of the tetragonal phase is of significant interest as it has been theoretically predicted to have a high polarization value of over 150 C/cm 2 , which is about 50% higher than its rhombohedral counterpart [18] [19] [20] . Additionally, the switching process can, in principle, be simpler and more efficient compared to the rhombohedral phase, making it further desirable.
Films grown on LAO susbtrates are in particular interesting because they show a mixed tetragonal (T) and rhombohedral (R) character with the relative fraction dependent on the film thickness 16 . As the strain in the film is gradually released the rhombohedral phase content increases, due to its overwhelming lower ground state energy as compared to the tetragonal phase 16, 19 . Such a mixed phase is well known in other ferroelectric systems. [21] [22] [23] . Such a boundary, termed as the morphotropic phase boundary (MPB), separates regions of tetragonal and rhombohedral symmetry. Further these systems show enhanced electromechanical properties due to the existence of such MPBs. However, a single-phase lead-free material with similar properties is more desirable from present day application point of view. Therefore, the possibility of observing such a behavior is an enticing choice in the mixed tetragonal-rhombohedral BFO grown on LAO. From now on we shall denote the nearly tetragonal phase with "T" and the rhombohedral phase with "R".
Epitaxial BFO thin films have been grown in the thickness range of 70-200 nm using the pulsed laser deposition (PLD) technique on (001)-oriented LAO substrates, with and without bottom SrRuO 3 (SRO) electrodes of 40 nm thickness. Details of the sample preparation technique have been reported elsewhere 24 .
In Fig. 1 we show the results of our X-ray analysis. Detailed -2 x-ray diffraction measurements have been performed to ascertain the structural phases and out-of -plane lattice constant of chemically single-phase BFO. In Fig. 1(a) we plot the -2 scans in 35-50 degree range for the 70, 100 and 200nm samples deposited directly on LAO substrate and an 80 nm thick BFO film buffered with 40nm SrRuO 3 (SRO). Very strong (00l) peaks ((002) peak shown in Fig. 1(a) ) are observed on films deposited directly on LAO substrate corresponding to an out-of-plane lattice parameter value of 4.65±0.02 Å. This c-parameter value agrees very well with the recent reports of Zeches et al. and Bea et al. 16, 17 . Also, the peak intensity is stronger for the 70 and 100 nm film compared to 200 nm film, which is consistent with decreasing T-phase content with thickness. The film with SRO bottom electrode, on the other hand, shows a diffraction peak close to the bulk rhombohedral peak position of BFO (c~3.96 Å). Epitaxy analysis have been carried on the nearly-tetragonal BFO sample by performing phi-scans on its (101) reflection as shown in Fig. 1(b) . Each peak of the phi scan show three sub-features pointing to the existence of three variants of the tetragonal phase (Inset of Fig. 1(b) ). Asymmetric reciprocal-space maps (RSM) of the (103) and (013) tetragonal BFO reflection also show a three-variant structure, implying that the tetragonal structure is distorted with monoclinic tilts ( Fig. 1(c) , RSM of (013) reflection is now shown). Such distorted variants have been predicted to be lower in energy compared to the pure, undistorted tetragonal structure 17, 25 . From the peak position of the strongest spot we calculate an in-plane lattice constant of 3.73A and 3.75Åfor the 70 and 100 nm films, respectively, quite close to the pseudocubic lattice parameter of the LAO substrate (3.79Å). Therefore, we find our samples to be highly strained with a high c/a value of ~1.25 (see figure 1(d)), in excellent agreement with existing experimental and theoretical values [16] [17] [18] [19] [20] . However, the presence of in-plane oriented domains cannot be ruled as the strong LAO substrate peak very nearly coincides with the in-plane tetragonal lattice constants. Also, conclusive signature for the rhombohedral structure has not be picked up in these samples from x-ray analysis. But all BFO films grown with buffered SRO bottom electrodes are almost completely relaxed with a c-value of 3.97±0.01 Å, and insensitive to the film thickness studied here (80-600 nm). The presence of SRO buffer layer favors faster strain relaxation through formation of misfit dislocations 26 .
Even more informative with respect to the type of structure are the polarized Raman spectroscopy data. The LAO contribution to the original spectra has been subtracted using the Spectral Subtract (GRAMS AI) software.
As is clear from Fig. 2 , the tetragonal-like (70, 100, and 200 nm BFO/LAO) and rhombohedral (80 nm BFO/40 nm SRO/LAO) films exhibit significantly different spectra. The fact that the spectra in the xxx'x' and xy-xy pair are different provides clear evidence that all films are epitaxial. On the other hand, the identity of the xx-yy and x'x'-y'y' spectra for the tetragonal phase is consistent with (001) t tetragonal plane being parallel to the surface. A careful study of numerous points on the 70-200 nm BFO/LAO films show that tetragonal-like and rhombohedral domains of micrometer size coexist on the film surface with the rhombohedral phase gradually becoming the dominant phase with increasing thickness. As to the spectra of the rhombohedral phase, they are identical to those previously reported 27, 28 and their polarization properties can be explained accounting for the coexistence in the scattering volume of twin variants with four different orientation of the rhombohedral axes. Raman study of the tetragonal-like phase has not been reported before and the observation of more than one mode of B 1 -type symmetry indicates a more complicated structure. On careful analysis based on symmetry and the number of Raman peaks, we find strong evidence that the nearly-tetragonal structure has monoclinic Cc symmetry instead of simple P4mm tetragonal symmetry. A detail analysis of the Raman spectra of tetragonal BFO is provided elewhere. 27 We will only mention here that for the currently accepted tetragonal P4mm BFO structure one expects in total eight (3A Ferroelectric (FE) domains of our samples were investigated using the piezoresponse force microscopy technique (PFM) performed on a commercial atomic force microscope (Asylum Research, Cypher Model). Nanoscale FE switching properties were investigated using the newly-developed switching spectroscopy PFM (SS-PFM) technique 28, 29 as implemented in the Cypher AFM. Vertical PFM measurements were performed near the contact resonance of the tip-sample configuration in order to obtain high signal-to-noise ratio through resonance-enhancement. In addition, both vertical (out-of-plane) and lateral (in-plane) PFM images were performed far from resonance. Pt-coated conductive tips (Olympus AC240TM) were used with the AC-bias drive amplitude maintained typically between 1-2V. SS-PFM measurements were performed in a bandwidth of 50 kHz around contact resonance.
In Fig. 3(a) we show the topography and near-resonance vertical PFM amplitude and phase data of the 80 nm BFO film on buffered SRO. Mosaic domain patterns (Fig. 3a (ii) and 3a(iii)) are observed with little correlation with topography, and verified by scanning different areas of the sample. Vertical and lateral PFM images taken at frequencies far from resonance (see supplementary figure S1 ) further confirm the irregular domain configuration. Interestingly, the lateral PFM data shows a higher contrast than the vertical data, implying that the domains can have strong in-plane orientation. These observed patterns are reminiscent of rhombohedral BFO films deposited on SRO-buffered STO substrates 30, 31 , and consistent with our Raman spectra and X-ray diffraction analysis. However, this is unlike the results obtained with La 1-x Sr x MnO 3 (LSMO) or La 1-x S x CoO 3 (LSCO) buffer layer which have been shown to preserve the substrate strain 16, 17 and tetragonality.
Topography and ferroelectric domains (near-resonance vertical PFM) of the 100 and 200 nm tetragonal-BFO films are shown in fig. 3(b) and (c). The surface morphology of BFO deposited directly on LAO consists of two distinct features (Fig. 3b(i) and 3c(i) ). The majority of the surface shows extremely flat morphology interjected with one-dimensional arrays of 250-350 nm long rod-shaped trenches aligned side by side and extending to well over microns in length. These arrays, in many instances, run approximately perpendicular to each other but in general have no fixed orientation with respect to the substrate edges. In addition, uniformly dispersed nano-island depressions are observed. These trenches have been identified as being consistent with the rhombohedral phase 16 and can be thought of as due to their low c/a ratio compared to the nearly-tetragonal phase as depicted in the schematic figure 1(d) . Interestingly, the flat, nearly-tetragonal surface show a step-and-terrace morphology in all the films investigated. A straight-line sectional analysis gives a step-height value of 4.5±0.8Å which is very close to the lattice constants obtained from X-ray diffraction and RSM analysis ( fig.1 Fig. 3b(iii) . The weak vertical contrast suggests that the domains might be predominantly in-plane. For further analysis, we have performed detailed vertical and lateral PFM measurements far from contact resonance (~30 KHz) as shown in the supplementary figures S2-S3. The vertical response shows uniform phase while the lateral response has strong phase contrast, strongly suggestive of in-plane oriented domains in the tetragonal phase. The vertical signal is remarkably enhanced (both for near-and off-resonance images) at the interface of the tetragonal and rhombohedral phase. Even though crosstalk interference cannot be ruled out completely given the large changes in topography, the enhancement is consistent with higher electro-mechanical response at the phase boundary. The inside of the rhombohedral trenches have weaker out-of-plane signal and stronger in-plane signal than the interface. Similar features are also observed in the PFM date obtained from the 200 nm thick film. The observation of in-plane oriented domains is quite contrary to the expectation from a nearly-tetragonal unit cell. In the work of Bea et al.
17
, they have speculated the polarization direction to be in the (110) plane. Recent theoretical work of Hatt et al. 25 show that the angle between the polarization vector and the [001] direction to be extremely sensitive to small changes in the in-plane lattice parameter, especially for strains values encountered with LAO substrate, and that the polarization direction could be closer to (111) direction -similar to the rhombohedral phase.
We find that the nearly-tetragonal BFO films show reversible, electric-field driven phase transition between the R and the T phase. Large, hysteretic structural changes are observed when alternately a ± 20 V single voltage pulse of 1 sec duration is applied at the topographic center through the scanning probe tip in the sequence shown in fig 4(a)-(d) . R-phase like trenches are formed on applying a sufficiently strong negative voltage pulse, which transforms back to the T-phase like topography upon reversing the polarity (Fig. 4(a)-(d) ). On this particular film of 100 nm thickness, switching is observed only at voltages pulses above 15V and 250 millisecond pulse width. The R-phase like trench obtained in Fig. 4 (b) and 4(d) are measured to be 2.3 nm deep, which is higher than the average trench-depth measured in the asdeposited configuration. Based on this observation, we speculate that the energy barrier separating the T and R phases is small and accessible by applying an electric field (figure 4(e) right). This is unlike the bulk form, where the R-phase is overwhelmingly the favored ground state and can be thought of as having a large energy barrier with the metastable bulk tetragonal phase, if it can be stabilized ( figure 4(e) left) . Therefore, observing phase transitions between these states is practically impossible. But such is not the case of highly-strained BFO films such as on LAO substrates
To investigate further, we performed additional topographic and PFM investigations to up to ±100 V. The absence of any bottom electrode allows us to apply large voltages without creating dielectric breakdown (Fig. 5) . Voltage pulses are applied to the topographic center in the following sequence: -25V, -50V, -75V, -100V, +25V, +50V, +75V, +100V and PFM/AFM micrographs are taken after each pulse. In Fig. 5 we show images after the application of -25V (a), -75V (b), +25V (c), +75V (d). The as-is configuration of this area is the same as shown in Fig. 3(b) . Consistent with the results of figure 4, application of negative voltages pulses induces local structural transition in the form of trenches. The density of such trenches increases steadily upon increasing the voltage to -100 V ( figure 5(d) ). The PFM images are qualitatively identical to the as-deposited states, thereby confirming that the trenches are indeed the rhombohedral phase. The tetragonal background retains the striped, flux-closed configuration and to a large extent insensitive to the applied voltage. Reversing the voltage polarity to +25 V immediately transforms the trenches near the center of the image (at the point of application of voltage) back to tetragonal-like morphology (fig 5(c) ) and this trend continues on increasing the voltage to +100 V. We have to mention that this field-induced phase transition is also thickness dependent and for the 200 nm film the T-R/R-T transitions are observed only at very high voltages ( ± 50 volts or above, data not shown).
We now discuss the local ferroelectric switching properties of the nearly-tetragonal domains. As the discussions of the preceding paragraphs demonstrate, any voltage dependent measurements on tetragonal BFO samples are prone to structural phase transition between the tetragonal and the rhombohedral polymorphs. Therefore precautions are in order to properly assess the local FE switching properties of tetragonal BFO, and correct inferences can only be made if the local area being probed remains tetragonal throughout the voltage sweep. In the switching spectroscopy technique employed to measure the local ferroelectric loops a series of dc offset voltages are applied to the tip which is ramped up to a maximum voltage (V max ). Measurements performed at different V max are repeated 25 times to improve the signal-tonoise ratio and also to observe, if any, quasi-static time-dependent behavior. The applied dc voltage sweep is a triangular pattern starting from 0 to +V max to -V max to 0 with V max = 5, 10, 15, 20, 25V. Additionally, the topography is imaged after every hysteresis measurement to monitor any T-R switching. It is important to note that before completion of the amplitude cycle the voltage goes to -V max . Therefore, any T-R switching event should be captured in the post-measurement topographic image as a rhombohedral trench. If not, we can conclude that the loop obtained is a measure of the pure tetragonal phase. Complete switching is observed at ±25 V as shown in Fig.6 (a) and (b) where we plot the averaged SS-PFM amplitude and phase loops for the 100 nm tetragonal BFO film. The symmetric butterfly loops of the amplitude scans and phase change from -1.5 radians (-90 degree) to almost +1.5 radians (+90 degrees) in Fig. 6 (b) confirm a near complete polarization switching process in the tetragonal phase BFO. At tip voltages below 25V the switching process are partial with asymmetric amplitude loops and lower than 180 degree phase change. Quite noteworthy is the gradual phase change of the switching process again possibly due to the off-normal polarization direction in the film. We also performed additional SS-PFM measurements on the 80 nm BFO-R sample with bottom SRO electrodes, and the results are shown in figure 6(c) and (d). Extremely sharp polarization switching is observed in the phase loop with 180º phase change. Interestingly, the butterfly wings of the amplitude have an opposite sense compared to the BFO films deposited directly on LAO. The sharpness of the switching transition in BFO-R films, backed up by the PFM images, clearly indicate that the polarization switching process is distinctly different between rhombohedral and the nearly-tetragonal BFO films. It also needs to be emphasized that we have probed only the near-surface tetragonal domains. A more complicated switching involving intermediate states is possible if the entire bulk of the film is involved, given the distorted nature of tetragonal domains plus the mixed nature of the films. Phase field simulations such as performed on tetragonal BTO 32 and further experimental work on this nearly tetragonal phase are necessary to clarify this issue relating to the polarization reversal mechanism and its absolute value.
In summary, we have investigated thoroughly and demonstrate unambiguously that the nearly-tetragonal BiFeO 3 films grown on LAO substrates have a number of interesting ferroelectric and ferroelastic properties, true to its multiferroicity. Polarized Raman spectra show that the nearly tetragonal films have monoclinic (Cc) symmetry and not purely tetragonal (P4mm), and the rhombohedral phase becomes the dominant phase with increasing thickness. Through local switching-spectroscopy PFM measurements we show complete ferroelectric switching in tetragonal BFO, while vertical and lateral PFM measurements show that the ferroelectric domains of nearly-tetragonal BFO have a strong in-plane orientation, forming a striped, flux-closed configuration. Strong ferroelastic properties are demonstrated through electric-field driven phase transition between the tetragonal and rhombohedral polymorph. 
